It has also been suggested that the generation of oxygen free radicals by glycated proteins represents one of the major biochemical pathways of oxidative tissue damage and vascular degeneration in diabetes and aging. 6 It is not clearly known what chemical constituent(s) of glycated proteins is responsible for the production of free radicals. However, there are some initial experimental observations which imply that the early products of protein glycation, such as the Schiff base and Amadori compound, may be key structural components involved in the generation of a superoxide anion. [7] [8] [9] In an effort to better understand the role of a superoxide anion in the relationship between the Maillard reaction and biological disorders, the generation of a superoxide anion was determined in various combinations of carbonyls with amines and a number of Amadori compounds. 8, 10, 11 Generally, the detection of a superoxide anion was performed by the cytochrome c method and the NBT (nitroblue tetrazolium) method. 8, 10, 11 In cytochrome c or NBT reduction, the difference in each absorbance change between the absence and presence of superoxide dismutase (SOD) is estimated to be due to a superoxide anion. However, the inhibitions of cytochrome c and NBT reductions by the addition of excessive amount of SOD were smaller than 30% 10 and 50%, 8 respectively. This finding means that those methods measure a rather non-specific reduction.
Recently, we reported that a highly water-soluble tetrazolium salt, WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate sodium salt), was suitable for detecting a superoxide anion, and established an assay method of SOD based on the use of WST-1. 12 Tan et al. also described that WST-1 could be efficiently reduced with a superoxide anion produced by activated neutrophils. 13 Here, we applied the WST-1 assay to measure superoxide anion formation in the Maillard reaction; also, the performance was compared with that by the cytochrome c method.
Experimental

Reagents
Glycolaldehyde 
Glycation incubations
Mixtures containing 5.0 mM carbonyl compound, 10 mM N α -acetyl-L-lysine and 50 µM DTPA in 50 mM chelex-treated phosphate buffer, pH 7.0, were incubated for 2 d at 37˚C. Control incubations were also carried out with carbonyl compound alone.
WST-1 assay
Assay mixtures (1.5 ml) contained 0.4 ml of the glycation incubation mixture and 1.1 ml of 50 mM phosphate buffer (pH 7.4) containing 2.0 mM WST-1 and 50 µM DTPA. The superoxide anion formed was calculated as the difference between the increase in the absorbance at 438 nm (Em = 37 × 10 3 ) and the absorbance increase seen in the presence of 250 units of SOD. In one experiment, N α -acetyl-L-lysine was glycated with glyceraldehyde in the presence of WST-1. The reaction mixture (2.0 ml) contained 5 mM glyceraldehyde, 10 mM N α -acetyl-L-lysine and 0.5 mM WST-1 in 50 mM chelextreated phosphate buffer (pH 7.0) and was incubated at 37˚C in both the presence and absence of 5 mM Tiron. The absorbance at 438 nm was monitored for 5 h.
Cytochrome c assay
The assay was performed by a method of Ortwerth et al. 10 The assay mixture (1.5 ml) contained 0.4 ml of the glycation incubation mixture and 1.1 ml of 50 mM chelex-treated phosphate buffer (pH 7.0) containing 1.5 mg of cytochrome c, and 50 µM DTPA. The formed superoxide was calculated as the difference between the increase in absorbance at 550 nm (Em = 21 × 10 3 ) and the absorbance increase seen in the presence of 250 units of SOD. In one experiment N α -acetyl-Llysine was glycated with glyceraldehyde in the presence of cytochrome c. The composition of the reaction mixture (2.0 ml) was the same as that of WST-1 described above, except that 1.5 mg cytochrome c was added instead of 0.5 mM WST-1.
ESR analysis
ESR spectra were recorded with a JES-FR30 spectrometer (JEOL Co., Tokyo). The instrumental conditions were: field set, 335.4 mT; scan range, ±5 mT; modulation frequency, 25 kHz; field modulation width, 0.63 or 1 × 0.1 mT; time constant, 0.01 or 0.1 s; amplitude, 300 or 1000; microwave power, 4 mW; microwave frequency, 9.40 GHz.
The reaction mixture containing 5 mM glyceraldehydes and 10 mM N α -acetyl-Llysine was incubated at room temperature for 30 min in the presence of 0.45 M DMPO or 50 mM Tiron, and each ESR spectrum was recorded. In one experiment, WST-1 (0.5 mM) was added into the above Maillard reaction mixture containing Tiron. After incubation for a given time, the ESR spectrum was measured and compared with that in the absence of WST-1.
Results and Discussion
WST-1 assay conditions
N α -Acetyl-L-lysine was glycated with glyceraldehyde at 37˚C for 2 d. According to the method of Ortwerth et al., the glycation reaction mixture produces a significant amount of superoxide anion. 10 When the mixture was added into WST-1 solution, an absorption maximum at 438 nm, corresponding to the formation of formazan, appeared and the absorbance linearly increased over the incubation time of 60 min (Fig. 1) .
The increased rate in the absorbance depended on the concentration of WST-1 (data not shown). Almost a linear relationship between them was recognized in the range of 1 -4 mM. From an economical point of view, we selected 2 mM as the WST-1 concentration in subsequent experiments. The pH dependence of the incubation with WST-1 was examined in the range of pH 6.5 -8.0 (Fig. 2) . The absorbance change increased with raising the pH in both the glycation reaction of N α -acetyl-L-lysine with glyceraldehyde and glyceraldehyde alone. This dependency seems to be consistent with the effect of the pH on the spontaneous dismutation of a superoxide anion to hydrogen peroxide. Because the use of too high a pH might result in a secondary change in the glycation mixture, pH 7.4, close to the physiological conditions, was selected in further work. A satisfactory reproducibility was observed with a relative standard deviation of 2.0% (n = 5) for the glycation mixture under these conditions.
Specificity of WST-1 for superoxide anion detection
In order to understand the specificity of WST-1 for superoxide anion formed in the Maillard reaction, the enzyme SOD, a specific superoxide anion scavenger, was added into the WST-1 solution (Fig. 1) . The absorbance change in the absence of SOD was inhibited by 93% by the presence of SOD, suggesting that the reduction of WST-1 with the glycation mixture was very specifically caused by the superoxide anion. A similar inhibition was observed in the addition of 5 mM Tiron (data not shown). The same glycation mixture was subjected to the cytochrome c assay (Fig. 3) . Although the absorbance change was larger than that of WST-1, the addition of SOD little inhibited the absorbance change (21%). According to Ortwerth et al., the reduction of cytochrome c in the presence of SOD may represent a direct reduction by the Amadori compound. 10 It is, therefore, clear that WST-1 is more specific for the superoxide anion formed in the reaction of N α -acetyl-L-lysine with glyceraldehyde than cytochrome c.
In order to clarify whether WST-1 indicates such a high specificity for the superoxide anion generated in the Maillard reaction in which other carbonyl compounds are involved, we examined the glycation reaction of N α -acetyl-L-lysine with glycolaldehyde, threose and erythrose. The presence of SOD inhibited the absorbance change by 86%, 96% and 94%, respectively. In contrast, the inhibitions by the presence of SOD in the cytochrome c assay were 24%, 21% and 24%, respectively. These results mean that WST-1 shows a high specificity for the superoxide anion formed in the Maillard reaction in which diverse carbonyl compounds are involved.
Detection of superoxide anion produced by carbonyl compound alone
Carbonyl compounds are known to produce superoxide anion, even in the absence of an amino compound. 10 Therefore, the incubation mixture of carbonyl compound alone was expected to reduce WST-1. As shown in Fig. 4 , erythrose produced WST-1 formazan even in the absence of an amino compound. The reduction was highly specific for the superoxide anion because the addition of SOD into the reaction mixture drastically decreased the absorbance change. Similar results were obtained in the incubation of other carbonyl compounds alone, suggesting that WST-1 was also suitable for the detection of the superoxide anion derived from carbonyl compound. Table 1 shows the ability of several carbonyls to generate superoxide anions following a 2-d incubation with and without N α -acetyl-L-lysine by the present WST-1 assay and cytochrome c assay. In a comparison of the detected amount of superoxide anion in the reaction of carbonyl compounds with N α -acetyl-Llysine, the result obtained by the WST-1 assay tended to show a higher value than that by the cytochrome c method. On the other hand, a different tendency was recognized for the superoxide anion derived from carbonyl compounds alone. For example, the amount of superoxide anion derived from glycolaldehyde was detected to be less in the WST-1 assay. This discrepancy may be explained by the difference in the specificity between WST-1 and cytochrome c.
Comparison between WST-1 and cytochrome c assay
Structurally, WST-1 seems to have a much lower reactivity with carbonyl compounds and amines than cytochrome c. Also, WST-1 has a highly water-soluble property. These properties prompted us to apply WST-1 to continuously monitor the formation of superoxide anion during the course of the Maillard reaction. Figure 5 depicts the time course of superoxide anion generation during the reaction of glyceraldehyde with N α -acetyl-L-lysine.
The absorbance almost linearly increased over a period of 5 h. In order to examine the specificity for superoxide anion, we added Tiron instead of SOD into the Maillard reaction mixture, because SOD was considered to react with glyceraldehyde rapidly to be inactivated. 14 The presence of Tiron suppressed the absorbance increase by 85%. A similar result was obtained in glyceraldehyde alone. Although we tried to detect the formation of superoxide anion by the ESR spin trapping method using DMPO under the conditions where it was detected by the present WST-1 method, it was impossible to detect the presence of the spin adduct of superoxide anion with DMPO. This finding suggests that the present WST-1 method is superior in the detectability of superoxide anion formed in the Maillard reaction to the ESR spin trapping method using DMPO. When Tiron that inhibited the formation of the WST-1 formazan by the Maillard reaction mixture was present, a characteristic radical (g = 2.0047) was observed in a good accordance with the property of the Tiron radical formed by the reaction with the superoxide anion. 15, 16 The signal strength of the Tiron radical was significantly suppressed by the presence of WST-1. This result by the ESR method clearly indicates that the reduction of WST-1 was caused by the 1153 ANALYTICAL SCIENCES OCTOBER 2002, VOL. 18 superoxide anion formed in the Maillard reaction. In another experiment, cytochrome c was added into the Maillard reaction system instead of WST-1. The absorbance increase was observed at 1 h, after which there was no increase (data not shown) and the addition of Tiron little inhibited the absorbance increase. This result suggests that WST-1 detected superoxide anion more specifically even in the course of the Maillard reaction, meaning that WST-1 was useful for continuously monitoring the generation process of superoxide anion in the Maillard reaction.
Conclusions
In conclusion, this investigation clearly demonstrated that WST-1 has outstanding characteristics for detecting the superoxide anion generated in the Maillard reaction judging from the specificity. Moreover, the real-time monitoring method of superoxide anion in the Maillard reaction would greatly contribute to our understanding of the relationship between the reactivity of carbonyl compounds and the generation of a superoxide anion.
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